SUMMARY
In the present study we examined the in vitro and in vivo interactions of a cloned staphylococcal fibronectin binding protein (FnBP) and plasma fibronectin (Fn) with polymorphonuclear cells (PMNs) and macrophages, and how antibodies against FnBP affect the phagocytosis process in vitro. Moreover, the interaction of FnBP and Fn coupled on latex beads as 'artificial bacteria' and 'artificially opsonized bacteria' with murine spleen cells and peritoneal macrophages was tested. The major finding of the present study is that antibodies against the FnBP of Staphylococcus aureus (S. aureus) and low concentration of antibodies recognized two lgG-binding domains of protein A (SPA) are effective in the promotion of phagocytosis in vitro. It was also observed that FnBP has a chemoattractant activity and causes accumulation of PMNs and macrophages in the mouse peritoneal cavity when injected 24 h before irritation of peritoneal exudate. It seems likely that this activity is connected with binding to Fn molecules since formalin inactivation of FnBP (60%) abolished it. In the in vitro phagocytosis assay in the presence of FnBP (in a medium supplemented with serum depleted of Fn), ingestion of bacteria by phagocytes was identical to assay carried out in the presence of BSA. However, addition of plasma fibronectin caused an increased uptake of bacteria by macrophages and to a lesser degree by PMNs. We observed that in a population of normal splenocytes, those cells that effectively bound FnBP-and Fn-coated latex beads were mostly those cells exibiting macrophage and dendritic morphology. In populations of spleen cells of animals infected with S. aureus, T lymphocytes were also found to bind FnBPand Fn-coated latex beads. These data suggest that FnBP may have the ability to promote aggregation of immune cells, either directly or by inter-
INTRODUCTION
Recent observations in several laboratories have shown that a number of different cells of the immune system possess specific surface receptors for fibronectin [1] [2] [3] [4] [5] [6] . This glycoprotein is produced and present on the surface of monocytes and macrophages and is thought to promote chemotaxis and opsonization [7] [8] [9] . Lymphocytes can also produce fibronectin as a lymphokine stimulated by specific antigens or mitogens [10] [11] [12] [13] [14] . Fibronectin is involved in the proliferative response of lymphocytes, and has been considered as an accessory molecule taking part in adhesion between lymphocytes and antigen-presenting cells [11, 12, [15] [16] [17] [18] .
Many Gram positive and Gram negative pathogens seem to use fibronectin binding proteins as tissue adhesins [1, 5, 19] . However, in the light of our present knowledge of the significance of fibronectin in host homeostasis, it is now clear that fibronectin binding proteins are involved not only in the colonization of tissues by various microbes but probably also in the immune reactions. Such processes include antigen-nonspecific phagocytosis as well as specific humoi-al or cellular immune responses. In the present study we examined the in vitro and in vivo interactions of one staphylococcal fibronectin binding protein (FnBP) and soluble plasma fibronectin (Fn) with phagocytic cells, granulocytes and macrophages, and how antibodies against FnBP affect phagocytosis. Moreover, binding of fibronectin and FnBP coupled on latex beads to mouse lymphocytes and macrophages was tested.
MATERIALS AND METHODS

Reagents
Fibronectin (Fn) from human plasma was purified according to Vuento and Vaheri [20] . Staphylococcal fibronectin binding protein (FnBP) used in these studies was a gene fusion product between the /3-galactosidase gene of Escherichia coli and the gene encoding the fibronectin binding domain of S. aureus FnBP A. A second fusion protein called ZZ-FnBP A contains two IgG-binding domains of protein A (ZZ) and three FnBP binding repeats (D1D2D3) per molecule [21] . These proteins were the kind gifts of J-I. Flock (Center for Biotechnology, Karolinska Institute, Novum, Huddinge, Sweden). For some experiments fusion proteins were inactivated with 5% formalin solution for 24 h at 4°C and then dialysed against PBS for 48 h at 4°C.
A n tisera
Rabbits were immunized with 200 /,g of galFnBP or ZZ-FnBP emulsified with Freund's adjuvant in an equal volume. For primary immunization complete adjuvant and for boosters incomplete adjuvant was used. Rabbits were injected three times at 3-week intervals. Animals were bled 10 days after the last injection.
Bacteria
S. aureus, strain Cowan l, was grown in brainheart infusion broth (BHI, Difco) for 18 h with agitation at 37°C. The bacterial suspension was adjusted spectrophotometrically to 10 ~ cells/ml in PBS and confirmed by counting colony forming units (CFU) on blood agar.
Animals
Male BALB/c mice aged 8-10 weeks from Bomholtgfird Breeding and Research Centre Ltd., Ry, Denmark were used. Mice were injected i.p. with 2 x 10 7 viable S. aureus cells.
Isolation of inflammatory neutrophils and macrophages
A local inflammatory response of normal mice or mice primed intraperitoneally (i.p.) 24 h earlier with either 20 p.g of FnBP or 20 /_tg of FnBP modified with formalin was provoked by i.p. injection of 0.5 ml heat-killed (80°C, 30 rain) S. aureus or 1 ml 10% proteose-peptone (Difco). Control mice received BSA followed by an i.p. injection of S. aureus or proteose-peptone. Peritoneal cells were collected after 18 h (granulo-cytes) or 72 h (macrophages) by lavage of peritoneal cavity using 10 ml of PBS supplemented with mouse serum (2%) and EDTA (0.117 mg/ml) [22] . The percentage of granulocytes or macrophages in the population of peritoneal cells was estimated by counts of cell smears stained with Giemsa solution.
Phagocytosis assay
Phagocytes (5 x 106 cells) were incubated with 5 x 107 live S. aureus cells for 10 min at 37°C in RPMI-1640 medium (Flow Laboratories, Irvine, UK), supplemented with 10% mouse serum depleted of fibronectin. Fibronectin depletion was carried out by passing serum through a gelatinSepharose column [20] . After stopping the phagocytosis process in an ice-bath for 5 'min, and extensive washing to remove non-associated bacteria, the number of bacteria ingested by phagocytes was determined. Cells were disrupted with saponine (1% solution), and serial dilutions were spread on blood agar for quantification of CFU. Phagocytosis assay was performed in parallel in the presence of fibronectin or native FnBP or FnBP modified by formalin treatment, at a final concentration of 20 ~g/ml. As a control the phagocytosis assay was also carried out in the presence of BSA at the same concentration. In some experiments rabbit antibodies against galFnBP A and ZZ-FnBP A at a dilution of 1:50 were used for the preincubation of S. aureus cells (30 rain, 37°C) before testing in the standard phagocytosis assay. The titer of antibodies against gal-FnBP as determined by ELISA was 1 : 51200. Rabbit immune serum raised against the ZZFnBP fusion protein contained anti-FnBP antibodies at a titer 1:25600 and antibodies that recognized two IgG-binding domains of protein A at a 100 times lower titer than for FnBP.
7. Coupling of proteins to latex beads
Amino-modified latex beads with a diameter of 0.72 p.m (Seradyn Inc., IN) were washed with 0.1 M phosphate buffer, pH 8.1 and suspended in the same buffer. 100 /~1 of bead suspension was treated with 5/.~1 of glutaraldehyde for 20 rain at room temperature. After washing with the same phosphate buffer, proteins were added at a final 307 concentration of 60 ~g and incubated overnight at 4°C. A 0.01 M Tris buffer, pH 8.2, containing 0.1 M glycine was added and beads were incubated another 4 h at room temperature. The samples were then washed with 0.1 M glycine buffer, pH 2.0, 1.0 M KSCN, and phosphate buffer as above. The beads were finally resuspended in 0.17 M glycine buffer, pH 8.1 containing 0.1% BSA. In all experiments beads were diluted five times with 5% BSA in PBS and incubated for 10 rain at 4°C to ensure that the beads were effectively protein-coated, washed with ice-cold PBS, resuspended in PBS and sonicated for 60 s to disaggregate bead-clumps.
Mouse lymphocytes
Splenocytes were isolated from normal BALB-/c mice or mice infected i.p. (3 or 21 days before the test) with 107 S. aureus Cowan 1 strain cells. After lysis of erythrocytes with 0.84% NH4C1, cells were washed three times with RPMI-1640 medium supplemented with 10% bovine fetal serum (heat-inactivated), 2 mM L-glutamine (complete medium). Macrophages were removed by incubation on plastic culture dishes for 2 h at 37°C. Nonadherent cells were overlayered onto 2 ml of 14.5% metrizamide gradient (Nyegaard, Oslo, Norway) at the ratio 2.5 : 1 (v/v) in order to deplete these suspensions of dendritic cells. After centrifugation at 800 x g for 10 min, the pellet was resuspendend in complete medium and T cell-enriched populations were prepared by passing the suspension twice through a nylon-wool column [23] .
9. Lymphocyte-latex beads binding assay
After each step of separation of the mouse spleen cell suspensions, samples of cells at 1 x 10 6 (500 /.d) were incubated with 100 ~1 of latex beads coated with test proteins, at 37°C for 1 h. The samples were then diluted five times with ice-cold PBS and the cells were collected by centrifugation for 2 min at 800 x g. The cells were resuspended in 1 ml of cold PBS, overlayered on 2 ml 5% BSA in PBS and centrifuged as before. The percentage of cells with bound beads was estimated microscopically in smears on glass slides stained with Giemsa. 
Mouse macrophages
Macrophages were obtained from the peritoneal cavity by lavage with cold RPMI medium [22] . Peritoneal exudate cells were washed, suspended in complete medium at 5 × 10 a cells per ml and 150 #I of such cell suspension was plated on microscope glass slides. Cells were allowed to spread on this surface at 37°C for 45 rain, followed by washing to remove nonadherent ceils. Serum-free medium was then added, followed by a further incubation for 60 min at 37°C.
Macrophage-latex beads binding assay
The analysis of attachment of protein coated latex beads to macrophage monolayers was performed by adding 100 /xl of beads per slide and 
RESULTS
BALB/c mice, either control animals or those primed with native unmodified or formalin-modified FnBP A, were injected i.p. with heat-killed S. aureus or 10% proteose-peptone. Peritoneal neutrophils and macrophages were collected either 18 h or 3 days later. The estimation of smears stained with Giemsa showed that 18-h exudates contained 75-80% of polymorphonuclear cells and 3-day exudates were rich in cells with macrophage morphology. Heat-killed bacteria caused the strong accumulation of cells in the peritoneal cavity in all tested groups of mice (Fig.  1) . However, the number of macrophages collected from animals primed with 20 /xg of FnBP was significantly higher as compared with the number of cells from control mice or animals primed with an equal amount of FnBP formalin modified.
More clear results were obtained when mice were injected with 1 ml of 10% proteose-peptone. The numbers of granulocytes as well as macrophages harvested from the peritoneal cavity Table l The influence of rabbit immune sera against fusion proteins on phagocytosis of S. aureus by mouse macrophages 
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of mice primed with native FnBP but not with FnBP treated with formalin, were almost twice as high as the controls. Macrophages were more effective in ingestion of bacteria than granulocytes in the in vitro phagocytosis assay performed for 10 min. The phagocytic activity of granulocytes was enhanced when cells were collected from mice primed with FnBP (Fig. 2) , especially when sterile proteose-peptone was used for stimulation of peritoneal exudate. Similar results were obtained when macrophages were tested. The addition of plasma fibronectin in concentration of 20 /xg/ml to the mixture of bacteria and phagocytes caused an increased uptake of staphylococci by macrophages (and to a lesser degree by granulocytes) in all tested groups of animals.
In the phagocytosis assay performed in the presence of native FnBP or FnBP-formalin treated, ingestion of bacteria by granulocytes and macrophages was of the same magnitude as in the presence of BSA.
When S. aureus cells were preincubated with rabbit antiserum (heat-inactivated, 56°C, 30 min) against ZZ-FnBP at a dilution of 1 : 50 for 30 min at 37°C, we observed an increased ingestion of bacteria by macrophages as compared to uptake of bacteria preincubated in the same conditions with normal rabbit serum. Preincubation of S. aureus cells with rabbit antiserum against galFnBP was less effective than with an antiserum raised against ZZ-fusion protein (Table 1) .
To study further the interaction of fibronectin and fibronectin binding protein with phagocytes as well as with lymphocytes we decided to use latex beads coated with FnBP ('artificial bacteria') and latex beads coated with fibronectin ('artificially opsonized bacteria'). We investigated the effect of experimental staphylococcal infection on the ability of murine spleen cells and macrophages to bind FnBP-and Fn-coated latex beads. Spleen cell suspensions, separated and depleted of macrophages, dendritic cells or enriched for T cells, were used in the binding assay. We had previously observed that splenocytes from normal healthy mice, which bind coated beads very well, belong to a macrophage-dendritic cells line (Table 2). Removing these ceils by absorption to a plastic surface and centrifugation on a metriza- was also observed that the presence of Fn or FnBP on the surface of latex beads promotes the aggregation of lymphocytes, mostly seeen in the case of lymphocytes taken from infected mice (Fig. 3) . These aggregates consisted of an average 3-6 lymphocytes and were stable when cultured at 37°C for 24 h. In experiments using monolayers prepared from mouse peritoneal macrophages it was observed that fibronectin or FnBP on the surface of latex particles showed an increased binding (at 4°C) or uptake (at 37°C) in comparison to latex beads coated with BSA (Table 3 , Fig.  4 ). Macrophages which were obtained from mice infected with S. aureus bind and ingest the beads more effectively than cells from normal, healthy mice.
DISCUSSION
The major finding of the present study is that antibodies against fibronectin binding protein of S. aureus and low concentration of antibodies which recognized two IgG-binding sites of protein A are effective in the promotion of phagocytosis process in vitro. Staphylococci treated with rabbit antibodies raised against FnBP were ingested by macrophages more effectively than those treated with normal serum. When serum containing antibodies for FnBP and for part of IgG-binding domain of protein A was used, its opsonic ability was higher than the opsonic ability of serum containing antibodies to FnBP alone.
311
Although the precise immunological and microbiological functions of staphylococcal protein A are unclear, this protein is considered to posses antiphagocytic properties and to inhibit phagocyte-mediated killing [2, [24] [25] [26] [27] . These effects are due to the ability of SpA to bind to IgG, to compete with phagocytic cells for available IgG-Fc sites [25] , and to diminish IgG-mediated opsonization or random SpA-mediated complement activation. However, the binding of IgG to macrophages as well as to protein A involves the Fc-terminal part of IgG and it has been shown that macrophages and protein A bind to different domains of the Fc fragment [24] . A number of studies have identified distinct SpA-binding subsets of immunoglobulin molecules. In addition to well-known Fc-binding sites two or more sites are bound by the Fab fragment of IgM, IgA, IgG, IgE. These 'alternative' binding site(s) of SpA, structurally and functionally distinct from its Fcbinding site, have been reported among antibodies with a variety of antigenic specificities [25] . The interaction between SpA and Ig Fab fragment is analogous to that of bacterial superantigens and certain T cell receptor /3 chains and SpA can therefore be considered to be an 'Ig superantigen' [25] . These new findings makes the understanding of the involvement of SpA in immune response to staphylococcal infection more complicated.
In view of the present observations that the pretreatment of staphylococci with specific antibodies against FnBP and against some parts of Table 3 Binding and ingestion of latex beads coated with fibronectin or fibronectin binding protein (FnBP) by mouse spleen macrophages * SpA may increase the ingestion of bacteria in macrophages, it is suggested that SpA specific antibodies enhance phagocytosis by a classic antigen-antibody immune complex mechanism. Alternatively it has been reported that animals given k, passively administered antiserum against SpA paradoxically had a significantly greater frequency of positive blood cultures after infection with S. aureus than did saline-injected controls [24] . The reason for this effect is unknown, but r L Fig. 4 . Monolayer of mouse macrophages bind (A) or uptake (B) latex beads coated with FnBP. Smears stained with Giemsa.
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may be due to the blockade of the reticuloendothelial system by an excessive amount of immunoglobulin and/or blockade of protein A on the bacterial surface which probably serves as a normal receptor mechanism for macrophagemediated phagocytosis. Certain cell-surface polysaccharides and protein components of S. aureus may promote colonization of tissues and provide a mechanism that results in the avoidance of an effective immune response [2, 24, 25] . It is known that S. aureus binds to specific cell surface structures of host cells and to extracellular matrix (ECM) components in various tissues such as fibronectin, laminin, vitronectin, type IV and other collagens [19, 28, 35, 36] and heparan sulfate [34] .
Fibronectin is one of the major ECM proteins, produced in larger amounts and degraded during inflammation to various fragments, some of which cause chemotactic signals for phagocytic cells [13, 29, 30] . Thus fibronectin, fibronectin fragments, and some tissue proteins which have the ability to bind fibronectin may influence various aspects of leukocyte behaviou.r such as accumulation at sites of inflammation, enhancing clearance of bacteria and promoting tissue remodelling [13] .
FnBP of S. aureus has chemoattractant ability, and causes accumulation of granulocytes and macrophages in mouse peritoneal cavity when injected 24 h before stimulation of peritoneal exudate with killed S. aureus cells or 10% proteose-peptone. The number of inflammatory cells was almost twice as high as control nonprimed mice and mice primed with FnBP treated with formalin ( Fig. 1) . It seems likely that FnBP chemoattractant activity is connected partially with the binding of fibronectin since treatment of FnBP with formal in (60-80% decreased binding to fibronectin) abolished this activity.
A number of intracellular pathogens like mycobacteria, treponemas, and Leishmania, as well as extracellular staphylococci and streptococci, possess surface FnBPs, and may also secrete FnBPs extracellulary during growth [1,5,19,29, 31,35,36,] . These pathogens probably use FnBPs to bind to fibronectin on the surface of macrophages or neutrophils directly or alternatively by binding to soluble fibronectin. In the 313 phagocytosis assay performed in medium depleted of fibronectin in the presence of added FnBP (20/xg/ml), ingestion of bacteria by phagocytes was almost the same as the control in the presence of BSA. However, addition of plasma fibronectin to the mixture of S. aureus and phagocytes caused an increased uptake of bacteria by macrophages and to a lesser degree by granulocytes. Reports on the possible opsonic activity of fibronectin are conflicting [9, [30] [31] [32] [33] . However, several studies indicate positive correlation between phagocytic ability of macrophages and neutrophils and the presence of fibronectin in the culture medium [29, 30, 32] .
The role of bacterial surface fibronectin binding protein in the development of infection should be analyzed in a dual manner: (1) as a protein with antigenic properties stimulating specific immune response; and (2) as a molecule involved in the intercellular and ceI1-ECM adhesion phenomena.
Since we know that fibronectin is also produced by lymphocytes 2-4 h after antigenic activation, it is very interesting to note that bacterial FnBP binds to these cells (Fig. 3, Table 2 ). Using latex beads coated with FnBP ('artificial bacteria') we investigated the effect of experimental staphylococcal infection on the ability of splenocytes and peritoneal macrophages to bind proteincoated beads. In the population of splenocytes from uninfected mice, those cells which effectively bind FnBP-coated beads seem to have macrophage and dendritic morphology ( Table 2) . This observation was confirmed by removing these ceils by absorption to plastic surface and centrifugation on a metrizamide gradient resulting in a significant decrease in the number of positive, i.e. adhesive, cells. However, in populations of spleen cells isolated from animals infected with S. aureus that had been T lymphocyte-enriched by purification on the nylon-wool column, the percentage of lymphocytes binding FnBP-coated beads was remarkably high ( Table 2 ). The same observation was made when fibronectin-coated latex beads were tested but not when BSA-beads were used.
It seems likely that FnBP may have the ability to promote aggregation of immune cells and sup-port certain cell-cell interactions since we observed time-stable aggregates of lymphocytes. FnBP molecules can bind to lymphocytes, either directly or by making complexes with plasma fibronectin and then bind to fibronectin receptors (integrins) on the cell surface.
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